The ability to mentally rotate images is impaired in depressed patients but the electrophysiological abnormalities in the brain related to this impairment remain unclear.
Introduction
First introduced by Shepard and colleagues in the 1970s, [1] mental rotation (MR) tasks involve mentally rotating a two-dimensional or three dimensional object (e.g. a letter, number, or cube) or, alternatively, mentally rotating oneself around a mental image of the object. Individuals with depression have prolonged reaction times and higher error rates when performing MR tasks than normal controls. [2] Previous studies have used event-related potential (ERP) topographic mapping techniques to assess depressed patients in China [3] and studies from other countries have used ERP techniques to assess cognitive functioning during MR tasks. [4] The present study compares the ERP characteristics of depressed patients and control subjects while performing MR tasks.
Subjects and Methods

Subjects
The enrollment of patients and controls in the study is shown in Figure 1 .
Depressed subjects were identified from inpatients and outpatients treated at the Department of Psychiatry of the Third Hospital of the People's Liberation Army in Baoji, Shaanxi from January 2011 to September 2011 who had a diagnosis of depression based on the criteria in the third edition of the Chinese Classification of Mental Disorders. [5] Eligible patients met the following criteria: a) currently in the first episode of depression; b) duration of illness less than one year; c) had never taken anti-depressant medication; d) right-handed; e) normal Figure 1 . Flowchart of subject enrollment visual acuity; f) no co-morbid mental or physical illness; g) no history of substance abuse or severe suicidal tendency; and h) subject and guardian signed informed consent to participate in the study. A total of 15 eligible inpatients and 33 eligible outpatients were identified. Two-thirds of the eligible patients were randomly selected to participate, that is, 10 inpatients and 22 outpatients. These 32 patients included 16 males and 16 females from 18 to 30 years of age with a mean (sd) age of 27.0 (6.0) years, a mean (sd) duration of education of 12.6 (3.4) years, a mean duration of depression of 13 (5) weeks, and a mean score on the Hamilton Depression Rating Scale [6] (HAMD) of 29 (5) at the time of admission (inpatients) or enrollment (outpatients).
A convenience control group of 29 medical students, trainees and interns at the Baoji Hospital who responded to a recruitment notice and who had no personal or family history of mental illness was identified. They included 15 men and 14 women 18 to 37 years of age; their mean (sd) age was 24.2 (5.2) years and their mean years of schooling were 14.3 (2.1) years. There were no significant differences between cases and controls by gender ( χ 2 =0.08, p=0.121), age (t=0.26, p=0.157), or mean years of education (t=0.38, p=0.118).
This study was approved by the Medical Ethics Commission of the Baoji Third Hospital of the People's Liberation Army.
Research Methods
Electrophysiological measurement
The ERPs were recorded in the morning using a BrainAMP MR32 32-channel amplifier (BrainProducts, Munich, Germany). Participants were asked to wear a BrainCAP-MR 32-electrode cap to record EEG signals. Recording electrodes were placed at P3, P4, CZ, PZ, O1, OZ, and O2 according to the ten-twenty electrode system of the International Federation of Clinical Neurophysiology placement system; [7] two ear electrodes served as reference electrodes, and the AFz electrode was used for grounding. The scalp was cleaned to maintain an impedance of <5 kΩ for each electrode. The stimuli were presented for 1200 ms and the resulting ERP signals were sampled (frequency: 500 Hz, sensitivity: 5 μV) and bandpass filtered (low cut-off frequency: 0.1 Hz; high cut-off frequency: 30 Hz). Signals >200 ms before the stimulus presentation were regarded as the baseline, and signals between 200 ms before stimulus presentation and 1000 ms after the presentation were recorded as responses. Artifacts (e.g. blinks, signals with an absolute peak amplitude greater than 70 μV) were identified off-line and cleared. The P500 component (400-600 ms) was monitored and analyzed for latency and amplitude. Reaction time and the number of incorrect responses were automatically recorded and the ERP signals from trials that had a correct response were averaged. All measurement and signal analysis were performed by two clinical psychiatrists who were blind to the status of the subject (patient or control); they had received training using the apparatus and had good inter-rater reliability when independently assessing the wave amplitudes of ten patients (r=0 .85-0.90).
Test procedures
MR tests were performed in a quiet, dark room (soundproofed and maintained at 24 °C) using E-Prime 2.0 (Psychology Software Tools Inc., Pittsburgh, USA). The subject was seated in a soft chair 60 cm away from a 17-inch color display monitor (75 Hz refresh rate) and instructed to look at the '+' symbol displayed in the center of the screen. In each trial, after 500 ms the '+' symbol was replaced by the letter 'R' or the letter 'F' (size: ≤1.58 cm 2 ; with a vertical visual angle of 0°, height of 1.1° and width of 1.0° ). The two letters were presented as normal images or as mirror images at six different degrees of rotation (0°, 60°, 120°, 180°, 240°, 300°); the 24 different test samples were randomly presented. The subject indicated if the letter shown was normally oriented or a mirror-image by clicking the left or right button of a mouse.
Subjects were trained in the test procedure until they reached 60% accuracy and then the formal part of the MR test started. In the first part of the formal test, each letter was displayed at random rotation angles 360 times, and the subject gave 720 reponses (each of the 24 test samples was presented 30 times). After a rest period (the duration was determined by the subject) the same procedure was repeated. The whole experiment lasted about 20 minutes. The ERPs were recorded during the MR test.
Statistical analysis
Data were analyzed by analysis of variance (ANOVA), using SPSS 17.0 software (SPSS, Chicago, IL, USA). Twenty seven data on reaction times (<5% of total data) were considered outliers -deviating from the mean value by more than three standard deviations-and discarded. The ANOVAs indicated that the main effects of the graphic stimuli (R or F) were not statistically significant (F=0.76, p=0.428 for reaction time; F=0.42, p=0.723 for error rate; F=1.24, p=0.156 for P500 amplitude; and F=0.58, p=0.306 for P500 latency), so results from these two stimuli were pooled for analysis. Additionally, the rotation angles 60° and 300°, and the rotation angles 120° and 240° are equal distances from 0° so they are considered equivalent. [4] The ANOVA results indicated that the results for rotation angles 60° and 300°, and those for angles 120° and 240° were not significantly different (t=1.01, 1.32, p=0.082, 0.075, respectively, for reaction time; t=0.62, 1.15, p=0.102, 0.079 for error rate; t=1.47, 1.68, p=0.076, 0.070 for P500 amplitude; t=0.51, 0.37, p=0.126, 0.162 for P500 latency), so the results for 60° and 300° were pooled and the results for 120° and 240° were pooled. Thus results are presented for four different angles: 0°, 60°(300°), 120°(240°), and 180°. For all four measurements (error rate, reaction time, P500 latency, P500 amplitude) an 'overall' value was computed combining the results for all angles.
We used two-way ANOVA to assess reaction time and error rate with one between-subjects factor (group membership: patients vs. controls) and one withinsubjects factor (rotation angle: 0°, 60°, 120°, and 180°). We used three-way ANOVA to assess P500 latency and mean peak P500 amplitude with one betweensubjects factor (group membership) and two withinsubjects factors (rotation and electrode placement) and using the Greenhouse-Geisser method for correction of significance levels. [8] The three-way analysis found that the interaction between electrode placement and group membership was not significant for P500 latency (F=1.53, p=0.058) or for peak P500 amplitude (F=1.26, p=0.063) so results for the four electrode placements were pooled and the results for the two groups at the four angles were assessed using two-way ANOVA. The significance levels of post-hoc comparisons of patientcontrol differences at different angles were adjusted using the Bonferroni correction.
Two-sample t-tests were used to compare group differences at each angle. One-way ANOVA was used to compare results at different angles in each group (i.e., in patients and separately in controls). Paired t-tests were used to compare the patient-control difference in P500 amplitude to the patient-control difference in P700 amplitude at each of the four electrode placements. Between-group differences in age and mean years of education were analyzed using two-tailed t-tests. Sex ratios were checked using a χ 2 test, and data normality was checked using a probability-probability plot test. A two-tailed α value of less than 0.05 was considered statistically significant. Table 1 summarizes the MR test performance of subjects in the depressed group and the control group. At all angles of presenting the stimuli the error rate in the depressed group is significantly higher than in the control group and the reaction time in the depressed group is significantly longer. In both the patient group and the control group as the rotation angle increased from 0° to 180° there was a significant stepwise increase in the error rate (F=12.16, p<0.001 and F=10.21, p<0.001, respectively) and a significant stepwise lengthening of the reaction time (F=26.33, p<0.001, and F=18.05, p<0.001, respectively). The two-way ANOVA of the MR test results found that the main effects for group membership (F=12.76, p=0.003) and rotation angle (F=21.38, p<0.001) on the mean error rate were both significant. Similarly, the main effects for group membership (F=6.26, p=0.013) and rotation angle (F=18.46, p<0.001) on the mean reaction time were both significant. Moreover, there is a significant interaction between group membership and rotation angle both for the error rate (F=21.19, p<0.001) and for the reaction time (F=24.51, p<0.001). The largest between group (patient vs. control) difference in the error rates was at 180°, followed by the differences at 0°, 120° and 60°; the difference at 180° was significantly greater than those at the other three rotation angles but none of the other pairwise comparisons were significant. The largest between group difference in the reaction time was at 180°, followed by the differences at 0°, 60° and 120°. The differences at 180° and 0° were both significantly greater than the differences at 60° and 120°, but the difference between 180° and 0° and the difference between 60° and 120° were not statistically significant. (Detailed statistical results provided on request.) Figure 2 shows the grand average (by group) ERP waveforms recorded at PZ, CZ, P3, and P4. For both depressed patients and normal controls at all four electrode placements there were positive peaks between 200 and 400 ms and between 400 and 600 ms. In the patient group the ERPs drifted negatively after 500 ms but in the control group there was a third positive peak at about 700 ms. Table 2 shows the P500 latency and amplitude results for patients and controls at the different rotation angles for each of the four electrode placements. At all four electrode placements for all four rotation angles the P500 latency is longer in the patient group than in the control group and peak P500 amplitude is lower in the patient group than in the control group. These differences are all significant for the peak P500 amplitude but for P500 latency they are only statistically significant for rotation angles 0° and 180°. For all four electrode placements the average P500 latency is longer in the patient group than in the control group and the average P500 amplitude is lower in the patient group than in the control group. These differences were only statistically significant for P500 amplitude, not for P500 latency. Despite the relatively small sample size the power for these comparisons were all >79%.
Results
MR test performance
Event-related potentials during the MR test
For both patients and controls at all four electrode placements the P500 latency and the P500 amplitude increased significantly in a stepwise manner as the rotation angle increased from 0° to 180°. In the patient group the main effect of rotation angle for P500 latency at the different electrode placements were as follows: PZ, F=15.21; CZ, F=14.75; P3, F=15.61; P4, F=15.31; and the main effect of rotation angle for P500 amplitude were as follows: PZ, F=8.41; CZ, F=8.22; P3, F=8.62; P4, F=8.29 (all p-values<0.001). In the control group the main effect of rotation angle for P500 latency at the different electrode placements were as follows: PZ, F=8.46; CZ, F=9.31; P3, F=8.20; P4, F=8.96; and the main effect of rotation angle for P500 amplitude were as follows: PZ, F=10.82; CZ, F=10.46; P3, F=10.63; P4, F=11.03 (all p-values<0.001).
Three-way ANOVA revealed that the main effect of rotation angle on P500 latency was statistically significant (F=2.68, p=0.023) and the main effect of Figure 2 . Grand average ERP waveforms in normal and depressed subjects electrode placement was statistically significant (F=2.52, p=0.033), but the main effect of group membership was not statistically significant (F=1.24, p=0.078). For P500 amplitude the main effect of rotation angle (F=20.16, p<0.001), electrode placement (F=6.12, p=0.028), and group membership (F=10.26, p=0.010) were all statistically significant. The interaction between group membership and electrode placement for peak P500 amplitude was not statistically significant (F=1.26, p=0.063), but the interaction between group membership and rotation angle was statistically significant (F=23.79, p<0.001). Pooling results for the four electrode placements the two-way ANOVA of group by rotation angle found that the largest between group difference in the P500 amplitude was at 180°, followed by the differences at 0°, 60° and 120°. The differences at 180° and 0° were both significantly greater than the differences at 60° and 120°, but the difference between 180° and 0°, and the difference between 60° and 120° were not statistically significant. (Detailed statistical results provided on request.) Based on the results for recorded waveforms ( Figure  2) we also compared peak P700 amplitudes between patients and controls. The mean peak amplitude of P700 was significantly smaller in the patient group than in the control group at all four electrode placements (Pz: 3.27 [1.32] For both depressed subjects and control subjects, the error rate, reaction time, P500 latency and peak P500 amplitude increased as the rotation angle increased, suggesting that the difficulty of the discrimination tasks increases as the angle of rotation increases. Previous studies have also found this relationship for the behavior measures [16, 17] (i.e., error rate and reaction time) and for the electrophysiological measures [10, 12, 13, 17] (i.e., P500 latency and amplitude).
The average ERPs measured from the PZ, CZ, P3, and P4 electrodes of both depressed subjects and control subjects showed two positive peaks, one between 200 and 400 ms and another between 400 and 600 ms. These features have consistently been reported in other studies [4, [9] [10] [11] [12] [17] [18] [19] and taken together provide strong evidence for a distinct electrophysiological marker for the MR task: a significant positive peak in the parietal region with a latency of 500 ms and a peak amplitude of 8 to 15 µV.
We also identified a positive ERP peak between 600 and 800 ms in the control group that was not found in the patient group, a finding that was also reported by Harris and colleagues. [20] The difference in the peak P700 amplitude between patients and controls was significantly greater than the difference in peak P500 amplitude between patients and controls at the PZ and P3 electrode placements. This is an interesting finding that suggests that the decrease in the peak P700 amplitude may be a more robust marker for cognitive impairment in depression than the decrease in peak P500 amplitude.
Limitations
This study used first-episode, drug-naïve patients with depression so we are certain that the observed results are not confounded by medication effects. But we did not correlate the magnitude of the decrement in the MR ability with the magnitude of the ERP changes or with the severity of the depressive symptoms, so the correlation between these three phenomena remains uncertain. Identifying the causal relationships between these variables will require prospective follow-up studies that assess changes in MR test results, ERP parameters and depressive symptoms over time. Our results are only relevant for those who receive psychiatric treatment for first-episode depression. These relationships may be different in persons with chronic depression or in those who have relatively mild depression that does not require mental health care.
We did not assess potential differences in results for normally oriented versus mirror-image stimuli and we limited our assessment of ERP parameters to two P500 measures, though we also conducted a post-hoc analysis of P700 amplitude. A wider selection of outcome measures may have generated different results. The relatively small sample made it impossible to adjust the
Discussion
Main findings
Consistent with the findings of Rogers and colleagues [2] the current study found increased errors and delayed reaction time in depressed patients administered the MR test compared to normal control subjects, suggesting that they have deficiencies in cognitive processing time and in spatial orientation skills.
Many studies have demonstrated that the P500 component is related to MR tasks. [4, [9] [10] [11] In our study the overall latency (i.e., combining results for all angles of rotation) of P500 at the four electrode placements assessed was longer in the depressed group than in the control group, but this difference was not statistically significant. Consistent with previous studies [12] [13] [14] the latency was significantly longer among depressed patients at rotations of 0° and 180° (i.e., no rotation and maximum rotation), but not significantly longer at rotations of 60° and 120°. Thus the behavioral measure for assessing mental processing time (i.e., the reaction time) was significantly impaired but the electrophysiological measure of mental processing time (i.e., P500 overall latency) was not significantly impaired. Despite the relatively small sample size, the power for these comparisons was satisfactory so it is unlikely that the difference between the behavioral and electrophysiological results is due to Type II errors. This result suggests that the processing time impairment may be state-dependent (possibly associated with the severity of depression), not a fundamental underlying trait.
For both of the behavior measures (error rate and reaction time) and for the P500 amplitude the difference between patients and controls was greater at 180° and 0°, and smaller at 60° and 120°. The consistency of this pattern across different measures suggests some underlying mechanism; further research would be needed to clarify why different rotation angles for presenting the stimuli would have such an effect.
The decrease in the P500 amplitude for depressed patients was statistically significant for all rotation angles at all four electrode placements, suggesting that this is a potential biomarker for the cognitive dysfunction associated with depression. But it is also possible, as suggested by Liu and colleagues, [15] that the slower reaction time in patients with depression increases the spread (standard deviation) of the P500 wave and thus results in a decrease in the maximum amplitude of the P500 wave. Combination of the MR test behavior measures (i.e., error rates and reaction time) and electrophysiological measures (i.e., P500 latency and amplitude) may help to distinguish the trait-dependent and state-dependent components of attention deficits in patients with depression. results for potential confounders such as gender, age, duration of illness and severity of depressive symptoms. MR tests only assess one component of cognition, so results for different measures of cognition may be different.
Significance
Our study confirms previous work on cognitive deficits in depression and provides some new insights that may aid in the understanding of the electrophysiological mechanisms underlying impaired brain function in depressed patients. The finding of a greater decrement in the peak P700 amplitude than in the peak P500 amplitude during MR tests in patients with depression has not been highlighted in previous reports so it certainly deserves further study. Prospective studies that assess changes in these complex relationships over time will help determine whether or not the behavioral and ERP measures during MR tests can be used as biological markers for depression that could clarify the diagnosis, predict outcome, or be used to assess the effectiveness of treatments.
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